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Abstract
The postsynthetic functionalization of mesoporous silica MCM-41 by vapor phase deposition of
3-aminopropyltrimethoxysilane is investigated as an alternative to the common practice of depositing
from toluene. Particular emphasis is given to the possibility of eliminating the influence of trace water
upon deposition from the vapor phase. The comparative study of samples prepared by different
deposition methods requires identical degrees of functionalization. To obtain reliable information on the
amount of surface-grafted aminopropyl groups, we have developed an analysis procedure based on the
fluorogenic amine-derivatization reaction of fluorescamine.
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Abstract 
The postsynthetic functionalization of mesoporous silica MCM-41 by vapor phase 
deposition of 3-aminopropyltrimethoxysilane is investigated as an alternative to the 
common practice of depositing from toluene. Particular emphasis is given to the 
possibility of eliminating the influence of trace water upon deposition from the vapor 
phase. The comparative study of samples prepared by different deposition methods 
requires identical degrees of functionalization. To obtain reliable information on the 
amount of surface-grafted aminopropyl groups, we have developed an analysis 
procedure based on the fluorogenic amine-derivatization reaction of fluorescamine. 
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1. Introduction 
Aminopropyltrialkoxysilanes are among the most frequently used precursors for the 
modification of mesoporous silica surfaces, allowing subsequent coupling to a variety 
of functional groups, such as isothiocyanate or sulfonyl chloride [1]. Amino-
functionalized mesoporous silica furthermore plays an important role in the 
development of materials for a wide range of potential applications, including 
adsorption of metal ions [2], protein sequestration and release [3], enzyme 
immobilization [4], drug delivery [5], and catalysis [6]. Despite considerable progress in 
the development of advanced methods for the one-pot synthesis of functionalized 
mesoporous silica [7], approaches based on postsynthetic functionalization remain 
popular due to the fact that the separation of the silica synthesis and functionalization 
steps allows an independent and more straightforward control of pore size, periodicity, 
particle size, and particle morphology. 
 
The reaction of surface silanol groups with aminopropylalkoxysilanes is usually 
conducted by refluxing in toluene. Due to the high accessibility of the sites on the 
external particle surface and on the pore surface close to the channel entrances, the 
distribution of anchored amino groups in the final product is typically inhomogeneous 
[8]. We have recently shown that aminopropylmonoalkoxysilanes produce a more 
homogeneous distribution than the corresponding trialkoxysilanes [9]. The presence of 
only one reactive group increases the mobility of the silane on the silica surface, while 
excluding the possibility of cross-linking. 
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It is difficult to avoid hydrolysis and cross-linking when depositing trialkoxy- or 
trichlorosilanes from a solvent. Even when working in dry solvents, trace water is 
efficiently adsorbed on the silica surface such that hydrolysis becomes possible [10]. It 
has been proposed that the employment of vapor phase deposition techniques might 
facilitate the elimination of silane cross-linking, thus minimizing clustering and 
multilayer formation [11]. In the case of mesoporous silica, this should ultimately lead 
to a more uniform distribution of the grafted moieties, resulting in a well-defined pore 
size of the functionalized material. In order to assess the validity of this hypothesis, we 
have in the present contribution investigated the postsynthetic functionalization of 
mesoporous silica MCM-41 with 3-aminopropyltrimethoxysilane (APTMS) by 
deposition from toluene and from the vapor phase. In the latter case, the atomic layer 
deposition (ALD) technique based on self-limiting surface reactions was employed, 
which is known to enable the deposition of vaporized precursor molecules in a highly 
reproducible and homogeneous manner [11]. 
 
2. Experimental 
2.1. Synthesis of MCM-41 
As large batch sizes are required for comparative studies, we have used a scale-up 
friendly room temperature procedure based on the synthesis reported in reference 12. 
Briefly, 17.6 g of the structure directing agent CTAB (hexadecyltrimethylammonium 
bromide, Fluka, purum, ≥ 96 %) was dissolved under slight warming in a mixture of 
416 mL of distilled H2O and 192 mL of aqueous ammonia (25 % NH3, Fluka). To this 
clear solution, 80 mL of TEOS (tetraethoxysilane, Fluka, puriss., ≥ 99 %) was slowly 
added under stirring. After further stirring for 3 h, the gel was aged at room temperature 
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for 24 h in a closed container. The product was obtained by filtration, washed with 
copious amounts of distilled H2O, and dried in air at room temperature. The structure 
directing agent was removed by first heating at 300 °C for 2 h and then calcining in air 
at 550 °C for 16 h. Heating rates of approximately 2 °C/min were used. The procedure 
yielded 19.3 g of calcined MCM-41. 
 
2.2. Vapor phase deposition 
Reactions were performed in an ALD reactor (F-120 ASM Microchemistry Ltd.) at a 
pressure of 35 to 50 mbar. A 2.0 g sample of calcined MCM-41 was pretreated in the 
ALD reactor in nitrogen atmosphere at 180 °C for 3 h to remove physisorbed water 
[13]. An amount of 2.5 mL (14.2 mmol) of APTMS (Fluka, purum, ≥ 97 %) was 
subsequently vaporized at 100 °C and deposited onto the MCM-41 bed during 3 h at a 
selected reaction temperature in the range of 110 to 300 °C. Finally, physisorbed 
APTMS molecules were purged from the surface by flowing nitrogen for 2 h. Amino 
group analysis (see below) yielded a final amino loading of 1.2 mmol per gram of 
parent MCM-41. A further increase of the amount of vaporized APTMS did not lead to 
an increase in the final amino group content, indicating that the value of 1.2 mmol/g 
corresponds to the maximum loading which could be achieved by this deposition 
method. 
 
2.3. Deposition from toluene 
In a typical experiment, 0.5 g of calcined MCM-41 was pretreated at 180 °C for 2 h and 
dispersed in 30 mL of dry toluene (Fluka, puriss., H2O ≤ 50 ppm). After the addition of 
a calculated amount of APTMS (160 µL for the targeted functionalization degree of 1.2 
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mmol per gram of parent MCM-41), the suspension was refluxed for 3 h. The 
functionalized product was recovered by filtration, washed with 100 mL of ethanol, and 
oven-dried at 80 °C for 1 h. 
 
2.4. Amino group analysis 
15 mg of amino-functionalized MCM-41 was stirred in 30 mL of a 0.02 M aqueous 
solution of NaOH until completely dissolved. 100 µL of this solution was transferred 
into a quartz cuvette and 2 mL of phosphate buffer (0.2 M, pH 8.0) was added. After the 
addition of 1 mL of fluorescamine (Sigma, > 97 %) solution (1 mM in acetone), the 
fluorescence spectrum was measured with a Perkin-Elmer LS50B spectrofluorometer by 
excitation at 366 nm. The emission intensity at 480 nm was taken as the datum point. A 
calibration line was prepared accordingly by using 100 µL aliquots of differently 
concentrated solutions of APTMS in 30 mL of 0.02 M aqueous NaOH (containing 15 
mg of dissolved parent MCM-41). 
 
2.5. Characterization 
Nitrogen sorption isotherms were collected at 77 K using a Quantachrome NOVA 2200 
surface area and pore size analyzer. Samples were vacuum-degassed at 80 °C for 5 h. 
The total surface area was calculated by the BET method [14], whereas the external 
surface area and the primary mesopore volume (the volume of the uniform mesopores) 
were determined from the linear part of the αS-plot (αS > 1) [15]. Mesopore size 
distributions were evaluated from the desorption branches of the nitrogen isotherms by 
means of the BJH method [16]. In order to obtain a more reliable estimate of the pore 
size of the parent MCM-41, the NLDFT method developed for silica exhibiting 
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cylindrical pore geometry was also applied (NOVAWin2 software, Version 2.2, 
Quantachrome Instruments) [17]. In this case, the adsorption branch was used for the 
calculations [18]. The total pore volume was calculated from the amount of nitrogen 
adsorbed at a relative pressure of 0.95. All samples exhibited type IV isotherms [19] 
and condensation in the primary mesopores was not accompanied by hysteresis. Diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed using a 
Nicolet Magna IR 750 spectrometer equipped with a Spectra Tech diffuse reflectance 
accessory. Spectra were collected in the 400-4000 cm-1 range at a 2 cm-1 resolution over 
64 scans. The spectrum obtained from a steel mirror was used as a background. Powder 
X-ray diffraction (XRD) measurements were performed on a STOE STADI P with 
CuKα1 radiation, a 2θ step size of 0.1°, and a counting time of 30 s per step. 
 
3. Results and Discussion 
3.1. Parent MCM-41 
Fig. 1 shows the nitrogen sorption isotherms, pore size distribution (PSD), and XRD 
pattern of a typical mesoporous silica MCM-41 synthesized at room temperature. The 
four XRD peaks, which can be indexed on a hexagonal lattice (hk0 reflections only), are 
indicative of well ordered MCM-41 type materials [20]. Due to its narrow PSD and the 
fact that the material can be made available in relatively large batches without 
necessitating costly lab equipment, we have found this material to be ideal for 
comparative studies such as the present one. 
 
The standard BJH analysis is known to underestimate the absolute pore size [18]. A 
more reliable estimate is obtained by the DFT method [17] (dDFT = 3.54 nm vs. dBJH = 
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2.47 nm, Fig. 1) or by using the geometrical approach proposed by Kruk et al. [21]. 
Based on the latter formalism, our parent MCM-41 is characterized by an average pore 
diameter of 3.41 nm and an average wall thickness of 0.93 nm. Typical values for BET 
surface area and total pore volume are 910 m2/g and 0.71 cm3/g (with a primary 
mesopore volume of 0.58 cm3/g), respectively. The external surface area accounts for 
approximately 12 % of the total surface area. The particle size ranges from 0.5 to 2 µm 
with irregular morphology. 
 
3.2. Amino group analysis 
In order to compare different deposition techniques, it is essential to work under 
conditions which yield a defined degree of functionalization. This calls for a method 
that is capable of providing accurate information on the amount of grafted amino 
groups. Analytical data obtained with ninhydrin (Kaiser test [22]) were found to be 
unsatisfactory and difficult to reproduce. Samples with identical amounts of amino 
groups but different distributions of grafting sites (external surface vs. pore surface) 
produced different results in terms of the actual amount of detected amino groups. We 
believe that the reason for this discrepancy is the diminished accessibility of the sites 
deep inside the pores. Problems of this kind are common for analytical methods 
employing mesoporous silica with intact pore structure. Methods based on the elemental 
analysis of amino groups obviously do not suffer from this drawback, however, 
sufficient precision can only be expected for samples featuring high grafting densities 
[23]. We have therefore developed a method that affords a reliable determination of the 
amount of grafted amino groups independent of the pore size and grafting site 
distribution, while covering a wide range of functionalization degrees. The key reaction 
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of this method is based on the fluorometric quantitation of primary amines with 
fluorescamine [24]. To eliminate the effect of the grafting site distribution, the 
mesoporous framework is decomposed prior to the addition of fluorescamine. Reaction 
of the intrinsically non-fluorescent fluorescamine with the now fully accessible primary 
amines yields a fluorescent derivative. The fluorescence intensity is then used to 
determine the initial amino group content by means of a calibration line (Fig. 2). 
 
3.3. Deposition temperature 
Previous studies on the vapor phase deposition of 3-aminopropyltriethoxysilane 
(APTES) on silica have shown that the deposition temperature is an important 
parameter in terms of determining the binding mode of the silane to the silica surface, 
revealing that unwanted secondary reactions involving the formation of Si–N bonds 
occur at temperatures higher than 150 °C [25]. We observed a similar effect in our 
preliminary vapor phase depositions of APTMS on MCM-41 carried out at selected 
temperatures (see Fig. 3 for the DRIFT spectra of these samples). Stretching frequencies 
of the primary amino groups are observed at 3305 and 3373 cm-1. Additional bands at 
3437 and 3470 cm-1 assigned to Si–NH–C moieties develop at deposition temperatures 
higher than 150 °C. The contribution of Si–NH–C binding modes is significant already 
at 250 °C. In order to avoid the reaction of amino groups with surface silanol groups or 
strained siloxane bridges, as well as with the methoxysilyl groups of other APTMS 
molecules, the deposition temperature was fixed at 150 °C for the final experiments. 
Under these conditions, the reaction of methanol, which is formed upon grafting of 
APTMS, with surface silanol groups is unlikely [11,26]. No secondary reactions 
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involving the formation of Si–N bonds occurred upon deposition of APTMS from 
toluene under reflux. 
 
3.4. Comparison of the deposition methods 
It is worth mentioning at this point that the investigated samples, assuming a 
homogeneous distribution and an initial BET surface area of 910 m2/g, were synthesized 
with a surface coverage of 0.79 –NH2 per nm2 (corresponding to a functionalization 
degree of 1.2 mmol/g). Fig. 4A compares the PSDs of MCM-41 after deposition of 
APTMS from the vapor phase (sample Vap-APTMS) and from toluene (sample Tol-
APTMS), the former producing a material with a narrower PSD (full width at half 
maximum FWHM = 0.30 nm, compared to FWHM = 0.42 nm for Tol-APTMS). To 
remove potential APTMS oligomers, we have repeated the deposition from toluene 
using freshly vacuum distilled APTMS (sample Tol-APTMS-d). As can be seen from 
Fig. 4B, the PSD of the resulting functionalized MCM-41 is slightly more uniform and 
narrower (FWHM = 0.37 nm) compared to the sample prepared without distillation. 
 
The differences between the PSD of Vap-APTMS and Tol-APTMS seem minor at first 
sight. However, it should be noted that the samples contain the same amount of surface-
grafted amino groups. The differences can therefore be attributed to different surface 
distributions of the functional groups, as we have recently shown for amino-
functionalized samples prepared with various aminosilane precursors [9]. Interestingly, 
there is a considerable contribution of relatively large pores to the PSD of the samples 
grafted in toluene. This is most likely a consequence of pore blocking due to cross-
linking of APTMS. If clustering of APTMS occurs close to the entrance of a given pore, 
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diffusion of additional APTMS molecules into this pore is hindered, leaving part of the 
pore surface unmodified. In the PSD derived from nitrogen sorption, such a partially 
blocked pore is consequently recorded with a comparatively large pore diameter. 
 
Upon deposition from the vapor phase, the primary mesopore volume decreased by 0.31 
cm3/g, whereas a less pronounced reduction of 0.25 cm3/g was observed after deposition 
from toluene (1.2 mmol/g of grafted amino groups for each sample). The accompanying 
changes of the BET surface area (–419 m2/g for Vap-APTMS, –306 m2/g for Tol-
APTMS, and –287 m2/g for Tol-APTMS-d) support the conclusion that different 
distributions of grafted amino groups were obtained. A recent study by Asefa and co-
workers [6b] has shown that the deposition of APTMS from toluene produced 
aggregated grafted groups, while Tatsumi and co-workers [8a] found that the surface-
bound amino groups were concentrated near the pore entrances and on the external 
surface. Our results indicate that the tendency towards aggregation and external surface 
grafting is less pronounced in the vapor phase deposition method. In this context, it is 
worth mentioning that toluene is not an ideal solvent for producing site isolation of 
grafted amino groups. Less aggregation and increased site isolation has for example 
been obtained upon deposition from alcohols [6b] or THF [9]. 
 
3.5. Influence of trace water 
To investigate the influence of water on the degree of pore blocking, we conducted the 
following experiment: A 0.5 g sample of calcined MCM-41 was dispersed in 30 mL of 
toluene containing different amounts of H2O. After short ultrasonication and additional 
stirring for 15 min, 160 µL of APTMS was added. Reaction, recovery, and analysis 
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were performed as described above. The resulting PSDs of two representative samples 
are shown in Fig. 5. While the water content seems to have no effect on the yield of 
grafted amino groups, the PSDs are clearly different. Pore blocking is obviously 
strongly promoted by the presence of trace water. This is in agreement with an earlier 
study by Walcarius et al. [27] observing slower proton and metal uptake of 
aminopropyl-grafted MCM-41 prepared by postsynthetic functionalization with APTES 
(deposited from toluene) in the presence of trace water. The effect shown in Fig. 5 
occurs already at relatively low water contents. Under our experimental conditions, a 
water content of 400 ppm results in a H2O/APTMS ratio of approximately 0.6. 
Assuming complete surface adsorption of H2O with an area of 0.1 nm2 per molecule, a 
water content of 400 ppm corresponds to only about 1/13 of a monolayer. We can 
therefore conclude that the presence of small quantities of water in toluene considerably 
affects the grafting behavior of APTMS by promoting cross-linking of silane molecules. 
To obtain a narrow PSD and a high fraction of pore surface grafting, it is therefore 
crucial to work with dry toluene. 
 
4. Conclusions 
Functionalization of mesoporous silica by vapor phase deposition of APTMS is a viable 
alternative to reactions carried out in solvents. The use of vapor phase deposition 
eliminates trace water-induced silane cross-linking and subsequent pore blocking. As 
the separation of APTMS monomers from potential oligomers present in liquid APTMS 
is an inherent property of the vapor phase deposition method, distillation of APTMS 
prior to the grafting reaction is not necessary. Furthermore, the vapor phase deposition 
method is of interest for economical and ecological reasons, especially concerning large 
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scale syntheses, as it avoids the use of (dry) solvents. In future work, the vapor phase 
deposition of APTMS needs to be examined in terms of its potential to provide site 
isolation, specifically in relation to optimized solvent based deposition techniques [28]. 
Such comparative studies are particularly meaningful when samples of similar 
functionalization degree are examined. This requires an analysis method which yields 
accurate and reproducible results for a wide range of grafting densities independent of 
the distribution of the functional groups on the mesoporous silica surface. The 
determination of the amino groups by reaction with fluorescamine after decomposition 
of the mesoporous framework provides a sound basis for further research in this field. 
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Figure Captions 
 
Fig. 1. Characterization data of calcined mesoporous silica MCM-41 synthesized at 
room temperature. Top: Nitrogen adsorption (solid circles) and desorption (empty 
circles) isotherm. The high pressure hysteresis loop is due to secondary mesoporosity. 
Middle: Pore size distributions calculated by BJH and DFT methods. Bottom: XRD 
pattern. 
 
Fig. 2. Fluorogenic amine-derivatization reaction of fluorescamine and a corresponding 
calibration line prepared with APTMS. 
 
Fig. 3. DRIFT spectra of MCM-41 after vapor phase deposition of APTMS at 110 °C 
(A), 150 °C (B), 250 °C (C), and 300 °C (D). The dashed curve represents the spectrum 
of calcined MCM-41 before APTMS deposition. 
 
Fig. 4. A: PSD of MCM-41 after deposition of APTMS from the vapor phase (Vap-
APTMS, crosses) compared to the PSD of MCM-41 after deposition of APTMS from 
toluene (Tol-APTMS, empty circles). B: PSD of MCM-41 after deposition of APTMS 
from toluene without (Tol-APTMS, empty circles) and with prior vacuum distillation of 
APTMS (Tol-APTMS-d, solid circles). Pore diameters are given relative to the average 
pore diameter of the parent MCM-41. Amino group contents are 1.2 mmol/g for each 
sample. 
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Fig. 5. PSD of MCM-41 after deposition of APTMS from toluene containing 
approximately 400 ppm of H2O (empty circles) and less than 50 ppm of H2O (solid 
circles). Pore diameters are given relative to the average pore diameter of the parent 
MCM-41. Amino group contents are 1.2 mmol/g. 
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